Abstract -Cascaded H-bridge multilevel inverters shows a useful circuit configuration to increase the number of output voltage levels to obtain high quality output voltage. By applying the concept of the power of three to dc voltage sources, it can increase the number of output voltage levels effectively. To realize this concept, two approaches may be considered. One is to use independent dc voltage sources pre-scaled in the power of three, and the other is to use instantaneous dc voltage sources generated from a cascaded transformer, which has the secondary turn-ratios scaled in the power of three in sequence. A common feature in both approaches is to use the concept of the power of three for dc voltage sources, and a point of difference is whether it adopts a low frequency transformer or not, and where the transformer is located. According to the difference, application areas are limited and show different characteristics on THD of output voltages. We compare and analyze both approaches for their circuit configurations, voltage level generating method, THD characteristics of output voltage, efficiency, application areas, limitations, and other characteristics by experiments using 500 [W] prototypes when they generate a 27-level output voltage.
Introduction
A multilevel inverter can produce a high quality output voltage by synthesizing a large number of voltage levels similar to a sinusoidal wave. However, it needs to increase the number of components and has complexity problems for control and circuit configuration. To solve the problems, much research has focused on increasing the number of output voltages with a minimized number of components [1] - [10] . Among them, a presentable approach is to use the concept of the power of three when selecting the amplitude of dc voltage sources. To realize the effective concept, two kinds of approaches are reported in [4] and [5] . A common feature in both approaches is to use the concept of the power of three for selecting dc voltage sources, and a point of difference is whether it adopts a low frequency transformer or not, and where the transformer is located.
In [4] , [10] , it uses independent dc voltage sources prescaled in the power of three. The amplitude of the dc voltage sources is set to V dc , 3V dc , 3 2 V dc in sequence. Every independent dc voltage source is connected to the H-bridge and all terminals are connected in series. Therefore, a terminal voltage of H-bridge depends on the amplitude of the input dc voltage and an output voltage appears by the adding or subtracting of dc voltage sources connected in series. The most important issue of this approach is how to prepare independent dc voltage sources scaled in the power of three. When it takes three dc voltage sources scaled in the power of three, it will generate a 27-level from -13V dc to +13V dc in an output voltage.
Another approach to realize the trinary concept is to use a cascaded transformer, which has secondary turn-ratios scaled in the power of three [5] - [7] . It needs a single dc voltage source (V dc ) only. Other dc voltage sources (3V dc and 3 2 V dc ) are instantaneously generated by a cascaded transformer. Like that of the above mentioned approach, an output voltage is synthesized by addition or subtraction of instant dc voltage sources generated from each secondary of the transformer. When the transformer has three secondary terminals scaled in the power of three and connected in series, an output voltage will show a 27-level from -13V dc to +13V dc including a zero level.
Both approaches have several common features, at the same time, they show different characteristics, which limit application areas. To find the similarities and differences of both approaches, we compare them by experimental results based on 500 [W] prototypes when generating a 27-level output voltage.
DC Voltage Sources Scaled in the Power of Three
Generally, a cascaded H-bridge multilevel inverter includes an array of switching devices and independent dc voltage sources. The proper commutation of switches in Hbridges permits addition or subtraction of the dc voltages, which reach high voltage at the output, while the switching devices withstand only reduced voltages. Considering an array of individual dc voltage sources scaled in the power of three in sequence, continuous output voltage levels are synthesized by selection of suitable switching combinations. For example, we obtain continuous integers from -13 to +13 by using ±1, ±3, and ±9. Fig. 1(a) shows a circuit configuration of the first multilevel approach using a concept of the power of three [4] . In this circuit, the concept is applied to independent dc voltage sources. The circuit is similar to a traditional cascaded H-bridge multilevel inverter except the amplitude of independent dc voltage sources. To obtain independent dc voltage sources scaled in the power of three in sequence, battery stacks can be used and some front-end converters are required to maintain the amplitude of dc voltages constantly. A transformer with multi-winding outputs is usually adopted in practical applications. Fig. 1(b) shows the second approach to realize the trinary concept using a cascaded transformer. It uses a single dc voltage source and a low frequency transformer having secondary turn-ratios scaled in the power of three. H-bridge cells are connected in parallel, and the secondary of the transformer is connected in series. It increases the volume and weight of the system because of the bulky size of the low frequency transformer. Table 1 compares the number of components for both approaches. When generating an output voltage with a 27-level, both inverters need three H-bridge cells. Therefore, the number of switches in both is exactly same, but voltage stresses on switches are different according to the amplitude of dc voltage sources as shown in Table 2 . As V dc increases, switches in Fig. 1 (a) need a higher voltage rating, which results in the cost increasing. In the viewpoint of voltage stress, Fig. 1 (b) is more useful than Fig. 1(a) . It also means Fig. 1(b) is an effective method of circuit design and manufacturing because it uses switches which have the same voltage rating. However, Fig. 1 (b) has a cascaded transformer which is required to synthesize instantaneous dc voltages scaled in the power of three. Because the transformer is operated in a low frequency, it is bulky and heavy.
Comparison of Circuit

How to synthesize a multilevel output voltage wave in both approaches
This section compares how to generate multilevel output voltage in both approaches. A basic idea is exactly the same because they use the same concept to generate a 27-level output voltage, i.e. using a combination of dc voltage sources scaled in the power of three. A main difference is how to realize the concept. Fig. 1(a) applies the concept to independent input dc voltage sources, and Fig. 1 (b) applies to secondary turn-ratios of a cascaded transformer. When it considers a negative wave, the output voltage has 27 levels. v 9 generates three levels in the output voltage wave, and then other voltages (v 3 and v 1 ) add or subtract V dc or 3V dc levels to a fundamental wave to synthesize stepped waves. In an approach given in Fig. 1(a) , the lowest H-bridge generates v 9 since it connects to 9V dc . A middle H-bridge cell produces 3V dc , and the upper one generates V dc . Finally, three outputs connect in series to synthesize a final output voltage wave. On the other hand, H-bridge cells connected in parallel in Fig. 1(b) generate only V dc because all of them connect to a single dc voltage source V dc . Scaling to the power of three is done by secondary turn-ratios of a cascaded transformer. A terminal having a turn-ratio of 1:9a generates v 9 . It means V dc steps up 9V dc by means of the secondary winding. Other secondary terminals produce 3V dc and V dc . Finally, three terminals connect in series to generate a final output voltage wave.
As shown in Fig. 2 , waveforms of three terminal voltages are equivalent in both approaches, but the methodologies are different. Most of all, Fig. 1(a) uses constant voltage sources scaled in the power of three. On the other hand, Fig.  1 (b) uses instantaneous voltages scaled by secondary turnratios having a sequence of the power of three.
In both approaches, the number of final output voltage levels is the sum of the three terminal voltages, and it is given as
When m number of H-bridge modules has dc voltage sources in sequence of the power of three, the number of output voltage level (N) is defined by
Switching functions (S FBk ) of an H-bridge inverter are given by
Here, k=3 n and n=0, 1, 2. When it employs three Hbridge modules, each terminal voltage of an H-bridge module is expressed by using switching functions.
Finally, an output voltage is given by
Here, S FB {1, 0, -1}. In (7), an increase of k means an increase of the number of dc voltage sources scaled in the power of three. When it has three dc voltage sources, an output voltage is expressed as Table 3 . Here, S FB9 is a switching function of an inverter generating 9V dc . It takes a naught when the desired output level is equivalent to or lower than the fourth level in Table  3 . When a desired output voltage level is higher than the fourth level, it requires unity. S FB9 can be expressed by using C-language as (9) . Here, all variables are integers (int). m means the number of output voltage levels. 
Comparison of Total Harmonic Distortion
In both multilevel inverters, when applying Fourier series analysis to an output voltage, the amplitude of n-th harmonic component is determined by As given in (12), both inverters have basically the same total harmonic distortions in output voltage. However, THD of Fig. 1(b) is affected by a load condition. A leakage inductance of a cascaded transformer acts as a high performance low-pass filter when increasing an output current. As a result, voltage levels collapse, and a stepped output voltage wave changes into a sinusoidal wave at a heavy load condition. It means Fig. 1(b) shows an improved THD characteristic when the output load increases.
Experimental Result and Discussion
For a practical comparison, we carry out experiments on both inverters. Two prototypes of 500 [W] are designed and controlled by a digital controller using a DSP28335. Specifications of prototypes are listed in Table 4 . In practical applications, it is somewhat difficult to find independent dc voltage sources. Although a battery can be used for independent voltage source, it needs a front-end converter to maintain dc voltage constantly. To make three dc voltage sources scaled in the power of three in Fig. 1(a) , three and nine batteries are connected in series and maintain constant voltages by each front-end converter. In a case of Fig. 1(b) , 13 batteries are connected in parallel to supply sufficient power to an output load. 3 shows experimental results for a multilevel inverter given in Fig. 1(a) . It employs three independent dc voltage sources scaled in the power of three. Fig. 3(a) shows three terminal voltages to synthesize a 27-level output voltage. An inverter with a 9V dc voltage source generates three basic levels (v 9 ) with amplitude of  9V dc . An inverter with a 3V dc voltage source adds or subtracts  3V dc level to the fundamental voltage level. Finally an inverter with a V dc voltage source adds or subtracts  V dc level to the basic voltage level. Therefore, it can synthesize 27 levels from +13V dc to -13V dc including a zero level. Fig. 3(b) and Fig.  3(c) show output voltages at a no load and with a resistive load of 20 [Ω], respectively. In both load conditions, output voltages are similar to sinusoidal one owing to 27 levels. 4 shows experimental results of a multilevel inverter employing a cascaded transformer given in Fig. 1(b) . Fig.  4(a) shows each secondary voltage. As shown in Fig. 4(b) , it has a 27-level in an output voltage by combination of v 1 , v 3 , and v 9 . It shows critical 27 levels in an output voltage at a no load. When a load current increases, an output voltage turns into a more sinusoidal wave since a leakage inductance of a cascaded transformer operates as a highperformance filter as shown in Fig. 4(c) . At a no load, output voltages of both inverters have some harmonic components such as 3, 5, 7, 11, and other low order harmonics, but they are sufficiently eliminated as shown in Fig. 4(c) io cascaded transformer. From these facts, it is clear that a cascaded transformer based multilevel inverter in higher load conditions can produce more sinusoidal output voltage than a multilevel inverter employing independent dc voltage sources scaled in the power of three. Fig. 1(a) does not change THD regardless of output power, and it maintains below 3[%]. On the other hand, an approach given in Fig. 1(b) shows a similar THD at a no load and low loaded, but it changes THD when increasing output power. It shows about 1.9[%] at 500[W] loaded due to the filtering effect of the leakage inductance. Table 5 lists a component comparison between a cascaded H-bridge multilevel inverter and both inverters when generating 27 output levels. In the viewpoint of generating a large number of output voltage levels, a conventional cascaded H-bridge multilevel inverter is not suitable because of a large number of switching devices. From the comparison, it is clear that the most outstanding advantage of both approaches is the reduction of the number of switches. It can save 10 H-bridge modules resulting in a saving of 40 switches.
Each cell of the cascaded type requires its own isolated power supply. The provision of these isolated supplies is the main limitation in the power electronic circuit design. Above all, amplitude of the input dc voltage sources in a multilevel inverter given in Fig. 1(a) is as different as the power of three. In practical application, series connected batteries can be used for the power sources scaled in the power of three. However, to produce 9V dc , it needs nine batteries maybe connected in series. It decreases structural stability and reliability. If it receives the input dc source from an ac grid, it needs a transformer to supply different voltages as given in Table 5 . However, as the low frequency transformer is located at the front-end of the inverter, it does not have any influence on the operating frequency of the output voltage. It means that it can be applied to motor drives using a VF control because it is free from the saturation of the transformers. However, because of the voltage rating of the H-bridge cell connected to 9V dc , it is difficult to apply to a high voltage application. This method can be used as an alternative for PWM inverters to decrease a switching noise and loss. The cascaded transformer based inverter given in Fig. 1(b) needs low frequency transformers, which have turn-ratios scaled in the power of three. It increases the size of the system and volume. It will decrease efficiency due to the transformer in itself. In addition, this method is not desirable for motor drives employing a VF control method because of the transformer saturation. Therefore it is suitable for CVCF (constant voltage and constant frequency) applications such as UPS (uninterruptible power supply), photovoltaic power generating inverter systems. 
Conclusion
This paper compared two 27-level inverters using the concept of the power of three to dc voltage sources. A common feature in both approaches is to use the concept of the power of three for dc voltage sources, and a point of difference is whether it adopts a low frequency transformer or not, and where the transformer is located. According to the differences, application areas are limited and show different characteristics on THD of output voltages. By experiments using 500 [W] prototypes, we compared and analyzed both approaches for circuit configurations, the voltage level generating method, THD characteristics of the output voltage, efficiency, application areas, limitations, and other characteristics. Fig. 1(b) 
